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ABSTRACT

Intrusions of warm, moist air into the Arctic during winter have emerged as important contributors to Arctic
surface warming. Previous studies indicate that temperature, moisture, and hydrometeor enhancements during
intrusions all make contributions to surface warming via emission of radiation down to the surface. Here, datasets
from instrumentation at the Atmospheric Radiation Measurement User Facility in Utqgiagvik (formerly Barrow)
for the six months from November through April for the six winter seasons of 2013/14-2018/19 were used to
quantify the atmospheric state. These datasets subsequently served as inputs to compute surface downwelling
longwave irradiances via radiative transfer computations at 1-min intervals with different combinations of con-
stituents over the six winter seasons. The computed six winter average irradiance with all constituents included
was 205.0 Wm 2, close to the average measured irradiance of 206.7 W m ™2, a difference of —0.8%. During this
period, water vapor was the most important contributor to the irradiance. The computed average irradiance with
dry gas was 71.9 Wm 2. Separately adding water vapor, liquid, or ice to the dry atmosphere led to average
increases of 2.4, 1.8, and 1.6 times the dry atmosphere irradiance, respectively. During the analysis period, 15
episodes of warm, moist air intrusions were identified. During the intrusions, individual contributions from ele-
vated temperature, water vapor, liquid water, and ice water were found to be comparable to each other. These
findings indicate that all properties of the atmospheric state must be known in order to quantify the radiation

coming down to the Arctic surface during winter.

1. Introduction

Water vapor, liquid-water clouds, ice-water clouds,
and precipitation all contribute to surface downwelling
longwave irradiance in the Arctic during winter. There
is an emerging body of literature indicating that the
surface downwelling longwave irradiance is associated
with amplified planetary-scale Rossby waves that divert
synoptic-scale systems northward, producing warm, moist
air intrusions that play an important role in warming the
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Arctic surface during winter (Doyle et al. 2011; Lee et al.
2011; Yoo et al. 2012; Skific and Francis 2013; Woods et al.
2013; Park et al. 2015; Woods and Caballero 2016; Flournoy
et al. 2016; Graversen and Burtu 2016; Baggett et al. 2016;
Gong et al. 2017; Lee et al. 2017). Because these intrusions
are accompanied by dry air, water vapor, liquid hydro-
meteors, and ice hydrometeors, it is important to gain
knowledge on their relative contributions to the surface
downwelling longwave irradiance.

Based on available cloud climatologies and hydro-
meteor property parameterizations, Curry and Ebert
(1992) showed that low-altitude (below approximately
3km) ice-water hydrometeors are important in the
Arctic winter. Omission of ice-water hydrometeors in
their radiative transfer calculations led to underesti-
mates of about 40Wm 2 in the surface downwelling
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longwave irradiance. In their study, making liquid-water
clouds opaque relative to their expected values in-
creased the surface downwelling longwave irradiance by
about 25Wm 2 in winter, illustrating that wintertime
liquid-water clouds are important and not always opti-
cally thick. Curry et al. (1995) investigated clear-sky
water vapor influences on surface downwelling long-
wave irradiance, finding that in winter there is often so
little water vapor that small increases in vapor lead to
large changes in the surface downwelling longwave
irradiance. Together, these results indicate that water
vapor, liquid-water clouds, and ice-water hydrometeors
are all important contributors to the surface down-
welling longwave irradiance in the Arctic winter.

Using the comprehensive cloud and radiation datasets
collected during the Surface Heat Budget of the Arctic
(SHEBA) experiment, Shupe and Intrieri (2004) found
that liquid-water clouds dominate the surface down-
welling longwave irradiance in summer, whereas both
liquid hydrometeors and ice hydrometeors are important
in winter. They further showed that atmospheric columns
containing liquid water contribute much more to the sur-
face downwelling longwave irradiance than do columns
with only ice water. However, they did not attempt to
assess water vapor and ice-hydrometeor contributions to
the increase in surface downwelling longwave irradiance
during times in winter when liquid-water clouds were
present.

During a warm, moist, and cloudy intrusion event from
1 to 12 January 1998 over the SHEBA experimental site,
Persson et al. (2017; their Fig. 8) found enhancements of
60-100Wm 2 in surface downwelling longwave irradi-
ance during cloudy periods. Characterizing the impact
of water vapor changes on the surface longwave
downwelling irradiance was not a focus of their
study. Nevertheless, their Figs. 6a and 6b are interesting
in this regard as they indicate a clear sky increase of about
20-30 Wm 2 from the beginning of 1 January 1998 to the
beginning of 6 January 1998 as a result of column tem-
perature and moisture increases, suggesting that water
vapor potentially played an important role. In terms of
cloud impacts during the Arctic winter, their Fig. 11a
shows that the total water path contributes substantially
(perhaps up to ~135Wm™2) to the surface longwave
downwelling irradiance. Separating the contributions into
liquid and ice water only (their Fig. 11b), they found that
for the same water path, liquid had a bigger impact on the
surface downwelling longwave irradiance as compared to
ice, and downwelling irradiances were much more scat-
tered in value for a fixed ice water path. They speculated
that this scatter might be the result of a larger range of
temperatures throughout thicker ice layers as compared
to liquid layers. This is one possibility, as is differing
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amounts of water vapor in the layers. In their study, the
largest water paths were attained by ice and they matched
the increases in surface downwelling longwave irradiance
for the largest liquid water paths. Moreover, comparing
their Figs. 11b and 11a leads to the possibility that the
smallest water paths, where the surface downwelling
longwave irradiance is most sensitive to water path, were
the result of ice and many of the points in Fig. 11a were
from mixed-phase columns and absent from Fig. 11b. All
of these results attest to the importance of liquid and ice
water, as well as temperature and vapor, on the surface
downwelling longwave irradiance.

The study by Doyle et al. (2011) showed the critical
role water vapor plays in enhancing surface downwelling
longwave irradiance during the winter. They estimated
that an intrusion of warm, moist air over Eureka from 9
to 11 February 2010 led to an increase of 17 W m ™2 in the
surface downwelling longwave irradiance with the tem-
perature and water vapor each contributing to about half
of the increase. Clouds contributed an additional 9 Wm >
to the surface downwelling longwave irradiance for the
case study period. They estimated that 29 intrusions oc-
curred from 2007 to 2011, leading to an average increase
of 19Wm™? in the surface downwelling longwave irradi-
ance as a result of moisture and temperature increases
alone. However, Doyle et al. (2011) did not characterize
liquid- or ice-hydrometeor contributions (relative to the
vapor and temperature) to the surface downwelling long-
wave irradiance.

While the aforementioned studies focused on the
Arctic, Town et al. (2005) analyzed observations col-
lected at the South Pole. Their results demonstrated that
contributions of water vapor, temperature, and hydro-
meteors to the surface downwelling longwave irradiance
are also important in the extremely dry South Pole at-
mosphere, not just the Arctic.

These prior studies demonstrated that water vapor,
liquid hydrometeors, and ice hydrometeors all impact the
surface downwelling longwave irradiance at times during
the Arctic winter. However, none of these studies sys-
tematically investigated the contributions of each sepa-
rately and in tandem with the others over an extended
period of time. Moreover, as Town et al. (2005) and Doyle
et al. (2011) demonstrated, evaluation of these combina-
tions must also include the accompanying temperature
and water vapor changes, which is the goal of this study.
We focused our study on the single location of Utqgiagvik,
Alaska, as this is one place in the Arctic where measure-
ments are available to pursue our investigation. Choosing
Utqgiagvik has the additional benefit of facilitating a
comparison to prior results derived from there (e.g.,
Flournoy et al. 2016). Furthermore, it is near the Bering
Strait, an important region of both planetary- and
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synoptic-scale moisture flux into the Arctic (Newman et al.
2012) and thus represents a region important to the Arctic
climate. To attribute increases in the surface downwelling
longwave irradiance to specific atmospheric constituents
above Utqiagvik for the six winter seasons from 2013/14
through 2018/19, we utilized U.S. Department of Energy
(DOE) Atmospheric Radiation Measurement (ARM)
Program standard products generated from measure-
ments made at its North Slope of Alaska (NSA) site
located at Utqiagvik. These products enabled us to
specify vertical profiles of pressure, temperature, rela-
tive humidity, visible optical depth, and lidar circular
depolarization ratio, along with lidar and radar partic-
ulate backscatter cross sections per unit volume at 1-min
temporal resolution, from which we retrieved liquid-
and ice-hydrometeor water contents and effective radii.
Using these data as input, we ran the Rapid Radiative
Transfer Model in the longwave (RRTM LW; Mlawer
et al. 1997; Tacono et al. 2000) at 1-min resolution across
the study period. As we will describe later, these RRTM
LW computations allowed us to separate the contribu-
tions of the different atmospheric constituents to the
surface downwelling longwave irradiance.

2. Methods

The study is based on three components. We first built
the thermodynamic and microphysical profiles of the
atmosphere over 1-min intervals using DOE ARM
Program NSA site observations (Fig. 1). We subse-
quently imported these 1-min profiles into RRTM LW
to compute the contributions to surface downwelling
longwave irradiance. We then identified moisture in-
trusion events and performed analyses over them.

a. Thermodynamic and microphysical states of the
atmosphere

During the study period, the DOE ARM Program
launched two soundings per day, one at 0530 UTC and
the other at 1730 UTC, whereas the National Weather
Service launched soundings nearby at about 0023 and
1211 UTC. We linearly interpolated these four sound-
ings of pressure, temperature, and relative humidity to
1-min temporal spacing and 20-m vertical spacing from 0
to 3km, 50-m spacing from 3 to 4km, 100-m spacing
from 4 to 7km, and 200-m spacing from 7 to 20km to
match the vertical layering in the DOE ARM merge-
sondelmace product (Troyan 2012). Because of known
moisture biases in soundings and sounding batch cali-
bration errors (Turner et al. 2003, and references
therein), we corrected the sounding water vapor pro-
files. Based on a method described in Turner et al.
(2003), we used the water vapor paths retrieved from
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Microwave Radiometer (MWR) radiance measurements
and contained in the mwrretlliljclough product (Turner
et al. 2007b) to scale the interpolated 1-min temporal
spacing relative humidity profiles so that their column-
integrated water vapor matched the MWR-retrieved wa-
ter vapor paths averaged to one minute. We found
that this scaling reduced the errors in the computed sur-
face downwelling longwave irradiances relative to the
observed ones.

We averaged to 1-min resolution 30-m vertical reso-
lution High Spectral Resolution Lidar (HSRL) mea-
surements of optical depth, particulate backscatter cross
section per unit volume, and circular depolarization
ratio in the hsrl product (Eloranta 2005; Goldsmith
2016), as well as 30-m vertical resolution Ka-band ARM
Zenith Pointing Radar (KAZR) measurements of radar
reflectivity in the kazrge and kazrmd products (Widener
et al. 2012). We subsequently interpolated the pressure,
temperature, adjusted relative humidity, and KAZR radar
reflectivity to the vertical grid of the HSRL, which starts near
ground level (i.e., 11.25 m above the height of the HSRL on
and before 12 March 2016, and 0.00m above it afterward)
and extends to approximately 20km (i.e., 19961.25m
above the height of the HSRL on and before 12 March
2016, and 19980.00 m above it afterward) in 30-m steps.

Using the above measurements on the HSRL vertical
grid, together with MWR-retrieved liquid-water paths
in the mwrretlliljclough product corrected for negative
and near zero (<10gm ?) amounts (e.g., Shupe and
Intrieri 2004), all at 1-min intervals, we first classified
liquid- and ice-dominated sample volumes within the
remotely sensed vertical profiles and subsequently used
them to retrieve vertical profiles of liquid- and ice-
hydrometeor water contents and effective radii, as we
now explain. We used HSRL particulate backscatter
cross sections per unit volume that exceeded a threshold
together with HSRL circular depolarization ratios that
fell below a threshold to classify liquid-water dominated
layers. Wang and Sassen (2001), Shupe (2007), Silber
et al. (2018, their Fig. S1b), and Lamer et al. (2018) have
demonstrated this classification method to be reliable.
By reliable, we mean that in the two-dimensional space
of backscatter cross section and circular depolarization
ratio the cluster of returns identified as liquid dominated
are separable from the other returns. Because of the
availability of HSRL measurements of optical depth
with height under all hydrometeor conditions, and the
dependence of surface downwelling longwave irradi-
ance primarily on those optical depths and temperatures
up to heights to which the HSRL beam penetrated
(e.g., Stephens 1978; Smith et al. 1993; Shupe and
Intrieri 2004), we used HSRL measured optical depth
with height as the primary constraint in all of the
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FIG. 1. Flowcharts of (a) data processing and (b) liquid- and ice-hydrometeor retrievals and
products. The retrievals utilized HSRL measurements of optical depth (), particulate
backscatter cross section per unit volume (8,), and circular depolarization ratio (8,¢), KAZR
measurements of radar reflectivity (Zpr), MWR measurements of water-vapor path (Wvpcs)
and liquid-water path (Lwp,y), and soundings of temperature (7}y), pressure (pp), and rela-
tive humidity (RH,). Geophysical parameters produced in the hydrometeor retrievals in-
clude a liquid-water mask (Fyopr), an ice-water mask (Ficgpy), liquid-water contents (Lwcyy),
liquid-water particle effective radii (R.Liopt), ice-water contents (Iwc,), and ice-water par-
ticle effective radii (R.icgpr). The subscript p indicates a profile of values, whereas the sub-
script ¢ indicates a column-integrated amount. The subscript f represents a final product.
Black boxes and geophysical parameters represent parameters not input to version 3.3 of
RRTM LW, whereas green boxes and geophysical parameters represent final parameters
input to version 3.3 of RRTM LW. Red arrows and boxes represent processing steps applied
to the data.
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hydrometeor-property retrievals. As we will show,
identification of liquid and ice hydrometeors via HSRL
particulate backscatter cross section per unit volume
and circular depolarization ratio combined with HSRL
measurements of optical depth substantially constrained
the surface downwelling longwave irradiances.

Retrieval of liquid water content profiles with quan-
tifiable accuracies is difficult, even with the instruments
used in this study. As such, we assumed adiabatic liquid-
water contents for each detected liquid-hydrometeor
layer. If the liquid-water path calculated from these
contents was greater than the MWR-retrieved liquid-
water path, we multiplied all liquid-water contents by a
single scale factor in order to match their sum to the
MWR-retrieved value. For cases when the summed
liquid-water contents were less than the MWR-retrieved
value, which would happen during times when the
HSRL beam attenuated before reaching an elevated
liquid-water layer, we added a liquid-water content to
the highest altitude 30-m layer to which the HSRL beam
penetrated so as to match the MWR-retrieved value. We
next calculated liquid-hydrometeor effective radii using
the HSRL-measured optical depth and liquid-water con-
tent profiles, assuming that the liquid hydrometeors were
in the large particle scattering limit at the HSRL wave-
length. In summary, errors in liquid-water content profiles
by treating them as adiabatic were offset by compensating
errors in the liquid-hydrometeor effective radii so as to
match the HSRL-measured optical depth. Our primary
assumption here was that the HSRL-measured optical
depths would best constrain the surface radiation.

We applied the ice-hydrometeor retrieval of Donovan
and van Lammeran (2001) as formulated by Eloranta
(2016) to all joint HSRL and KAZR returns identified as
being both above the instrument-generated noise and
not dominated by liquid. In this way, HSRL returns
above the noise accompanied with KAZR returns in the
noise were considered to be from aerosols and not
processed. Visual inspection of the six years of data in-
dicated that thin ice clouds that impacted the surface
downwelling longwave irradiance and were not detected
by the KAZR were rare. In the retrieval, the ratio of
KAZR to HSRL particulate backscatter cross section per
unit volume is used to generate a parameter called D* that
is used via a lookup table to retrieve the modal radius of a
modified gamma distribution with fixed values of the pa-
rameters u and y (Petty and Huang 2011). Here, we
generated the lookup table using spherical particles to be
consistent with the use of spherical particle properties in
the radiation calculations.

The one adjustment that we made to the retrieval was
to decrease D* by 75% in order to remove a bias in the
computed surface downwelling longwave irradiance.
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After making this adjustment, we found that the surface
downwelling longwave irradiances computed at 1-min
intervals from ice-containing columns had similar biases
and standard deviations relative to the 1-min observa-
tions as the computed irradiances for clear sky and
liquid-containing columns. That a single adjustment in
D* led to similar error statistics across all years is en-
couraging, given that our treatment of ice particles as
spheres ignores the dependence of ice-particle scattering
on surface roughness across each appendage of an ice
particle, the arrangement of appendages of an ice particle,
the density of ice in the appendages of an ice particle, the
size of the appendages in an ice particle relative to the
wavelength, and the orientation of the appendages rela-
tive to the direction of incident electric fields.

The effective radius was subsequently computed from
the distribution parameters and the modal radius, and the
ice-water content was then computed from the HSRL
optical depth and distribution parameters, treating all ice
hydrometeors as spheres. Similar to the liquid-water
property retrievals, the ice-water contents generated in this
way compensated for errors in the effective radii retrievals so
as to produce the HSRL-measured optical depths.

We used the joint HSRL and KAZR returns and the
retrieved parameters based on them to create frequency
of occurrence histograms of KAZR particulate back-
scatter cross section per unit volume, HSRL particulate
backscatter cross section per unit volume, HSRL range
gate optical depth, and height above the surface. We
used these histograms to build a mapping from KAZR
particulate backscatter cross section per unit volume
to HSRL particulate backscatter cross section per
unit volume and range gate optical depth that we sub-
sequently used for the ice-hydrometeor retrievals at
heights for which the HSRL beam was attenuated but
the KAZR had significant detections. The only purpose
of these KAZR-only retrievals was to test the sensitivity
of the surface downwelling longwave irradiance to water
contents at heights to which the HSRL beam did not
penetrate. As we will show, the sensitivity was negligible
for the purposes of this study.

b. RRTM LW surface downwelling longwave
irradiance computations over 1-min intervals

We used version 3.3 of the RRTM LW package. We
chose the RRTM solver (ISCAT = 0, i.e., absorption
only) with NUMANGLES = 4. Our choices for the
cloud properties were INFLAG = 2 (separate ice and
liquid cloud optical depths), ICEFLAG = 2 [spherical
ice particles after Key (2002) with ice-water content and
ice-particle effective radius as inputs], and LIQFLAG =
1 [spherical liquid particles after Hu and Stamnes (1993)
with liquid-water content and liquid-particle effective
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radius as inputs]. All hydrometeor fractions in a layer
were set to either 0 or 1; that is, hydrometeors detected
in an instrument sample volume were assumed to be
homogeneous throughout it and the failure of both in-
struments to detect any hydrometeors resulted in a
classification of a cloud-free layer. Tang et al. (2018)
demonstrated that NUMANGLES should be 2 or greater
in order to reduce underestimates of about 0—4 to 0-2
W m™ 2 in the surface downwelling longwave irradiance in
the presence of ice clouds as a result of neglecting particle
scattering in the longwave. Inspection of Fig. 4b in Kuo
et al. (2017), in which both liquid and ice clouds were in-
cluded, the annual mean bias in the surface downwelling
longwave irradiance at Utqgiagvik was in the neighbor-
hood of 1Wm 2 as a result of neglecting particle scat-
tering in the longwave.

We performed the RRTM LW radiation computa-
tions across the spectral range from 3.07-1000 um at
1-min resolution with vertical layering as follows: 200
30-m-thick layers (matched to individual HSRL sample
volumes) up to approximately 6 km above ground level,
27 150-m-thick layers (matched to five HSRL sample
volumes) up to approximately 10km, 33 300-m-thick
layers (matched to 10 HSRL sample volumes) up to
approximately 20km, and 48 1-km-thick layers to just
under 68 km. Each layer in the computations was either
completely clear (hydrometeor fraction of 0) or com-
pletely hydrometeor filled (hydrometeor fraction of 1).
For heights below 20 km, we set temperature, water vapor
amount, liquid-water amount, and ice-water amount to
the values in our datasets. At these altitudes, we set the
five major radiatively active gaseous constituents Ogz,
N,O, CO, CHy, and O, to the values in RRTM LW at-
mospheric profile 5 (i.e., ““subarctic winter model”’) while
we set CO, to 397.5 ppmv. Above 20km, we set all
properties to values in the RRTM LW subarctic winter
model but with CO, again set to 397.5 ppmv. We then
ran RRTM LW with different combinations of con-
stituents—dry gas, water vapor, liquid hydrometeors,
and ice hydrometeors—at 1-min resolution to deter-
mine their contributions to the surface downwelling long-
wave irradiance. We chose the properties of spheres for the
RRTM LW computations. We compared the RRTM LW
computed surface downwelling longwave irradiances to
Eppley Laboratory, Inc., Precision Infrared Radiometer
(PIR; spectral response from 3.5 to 50 um) measurements
contained in the DOE ARM Program skyrad60s product.

The skyrad60s irradiance product contains two 1-min
averaged surface downwelling longwave irradiance mea-
surements for every minute. Over the usable 1360522
(of 1565280) 1-min samples in the study period, these
two sets of measurements had a mean difference of
0.27Wm 2 and a root-mean-square difference of
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1.33 Wm ™ 2; we used the averages of these two 1-min
measurements in the comparisons that follow. Grobner
et al. (2014) demonstrated that current calibration methods
for the PIR have most likely resulted in an ~5Wm ™2 low
bias in its measurements. However, this low bias linearly
decreases in magnitude as the atmospheric water vapor
path decreases from 10 to Omm (a range of values typical
of wintertime conditions on the NSA), leaving a final bias
of only 1-2Wm 2. Given these bias properties, together
with calibration uncertainties of =4 Wm™? reported by
Andreas et al. (2018) and Reda et al. (2012), RRTM LW
computations that agree with the PIR measurements to
approximately =4 W m™ 2 are the best that we expect, with
errors in atmospheric state parameters input into the
RRTM LW computations leading to even larger errors.

In summary, the retrieval framework used for this study
required nominal quality soundings, HSRL, KAZR, and
MWR data products. In addition, evaluation of the quality
of the RRTM LW computations based on these soundings
and data products required calibrated surface down-
welling longwave irradiance measurements contained in
the skyrad60s product. These requirements limited us to a
study period from 1 November 2013 to 30 April 2019,
with a significant loss of sufficient quality HSRL data from
20 January to 30 April 2018. The methodological ap-
proach here is similar to the previous studies by Dong
et al. (2010) and Shupe et al. (2015). Our approach is most
similar to Shupe et al. (2015) with primary differences
being that they used infrared spectral radiance measure-
ments to retrieve cloud optical depths of thinner liquid
clouds, whereas we used the optical depths measured
by a HSRL to characterize thinner hydrometeor optical
depths. We also used a different approach to retrieve ice-
particle properties, and the use of radiative closure here
was to assess the impacts of the different constituents on
the surface downwelling longwave irradiance.

c¢. ldentification of moisture intrusion events

To identify moisture intrusion events, we averaged
the 1-min temporal resolution data from ARM to daily
values for the six months from November through April
for the six winter seasons of 2013/14 through 2018/19.
This produced a time series of 1087 days in length. We
assigned missing values to 112 days when retrievals were
not available. This included a large stretch of 101 days
between 20 January and 30 April 2018.

We computed anomalous daily values of each variable
(see the caption of Fig. 9 for a list of the variables in-
cluded in the analysis) by subtracting from each daily
value its smoothed calendar-day climatology. To find
the smoothed calendar-day climatology, we first found
the raw calendar-day climatology by averaging the daily
values across the six seasons. This resulted in a rather
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noisy, 182-day length time series extending from
1 November to 30 April for each variable. Despite the
noise, a distinct seasonal cycle was embedded in each
variable’s time series. We extracted this seasonal cycle,
and hence the smoothed calendar-day climatology, by
fitting a second-order polynomial to the raw calendar-
day climatology. Visual inspection of the smoothed
calendar-day climatology for each variable revealed a
reasonable fit, further supported by the net anomalous
daily values being close to zero for each variable when
summed across all 1087 days.

In addition to constructing anomalous daily values for
each variable individually, we also calculated anomalous
daily values of total column water (TCW) to identify
warm, moist intrusion events. Because of the physics
underlying the Clausius—Clapeyron relationship, the
identification of warm, moist intrusions via TCW would
also identify periods of elevated temperatures. Daily
values of total TCW were first found by summing the
daily averaged values of water vapor, liquid, and ice water
paths, with water vapor being the dominant constituent.
Anomalous daily values of TCW were then found in the
same manner used for the individual variables.

Having found the anomalous daily values of each
variable, we composited them against TCW intrusion
events. We preliminarily identified the TCW intrusion
events by selecting days from the anomalous TCW time
series that exceeded two standard deviations. We then
trimmed the preliminary selection by only retaining the
events with the highest anomalous TCW within any 14-
day time period. This helped to ensure independence
among the events. Furthermore, we did not include
events that fell before 16 November or after 15 April in
order to minimize the number of missing values for
events that fell on the flank of a particular season. The
final number of events included in the composites was 15.
We centered these 15 events into a composite at lag day 0,
defined as the day within the TCW intrusion that the TCW
attained its maximum value. The composites were ex-
tended from lag day —20, before the event occurred, to lag
day +20, after the event occurred. Our goal with these
composites was to examine the temporal evolution of each
variable during the TCW intrusions along with estimating
the typical time scale over which these events occurred.
We determined significance for the composites using a
Student’s ¢ test. The null hypothesis that we sought to
reject was that the composited mean for each variable was
not significantly different from its mean calculated across
the entire 1087-day time series. Before plotting, we nor-
malized the lagged composites by each variable’s respec-
tive standard deviation.

As we will show in section 3b, the typical time scale of
the events extended from 10 days prior to the peak TCW
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anomaly to 5 days afterward, for a total period of
15 days. However, there was variability in the time series
that did not always match the average time window of
15 days. Because of this variability, we searched in the
environs of the beginning and ending day of each in-
trusion event for a minimum in the water vapor path, a
zero liquid-water path, a zero ice-water path, and, as a
result, a resulting minimum in the surface downwelling
longwave irradiance. We adjusted each event window to
the starting and ending times that we identified in this
way. All of the intrusion events started and ended during
clear-sky periods with little variation in properties. The
final event windows that we arrived at for all 15 events
are illustrated by boxes in many of the figures.

3. Results

Toillustrate the thermodynamic nature of the six winter
seasons from 2013/14 through 2018/19 at Utqiagvik, we
first present height versus time plots of atmospheric
temperature and water vapor mixing ratio in Figs. 2 and 3,
respectively, obtained from all of the DOE ARM NSA
site radiosondes launched during the study period. As
Figs. 2 and 3 show, there were many intrusions of air with
enhanced temperature and absolute humidity into the
Utqiagvik region during each winter, with values ap-
proaching approximately 10°C and 4 gm >, respectively.
The degree to which these intrusions and their associated
surface downwelling longwave irradiances were anoma-
lous in nature will be examined in section 3b.

The results to follow for the six winter seasons at
Utqgiagvik are grouped into three sections. The first
section contains summary results for all of the six winter
seasons. In the second section, we follow the analysis
method described in Doyle et al. (2011) to characterize
the impact of liquid- and ice-water hydrometeors, in
addition to water vapor and temperature, on the surface
downwelling longwave irradiance during intrusions of
warm, moist air. In the last section, we present our re-
sults in the context of those of Flournoy et al. (2016),
whose study motivated us to assess the impacts of ice
hydrometeors throughout a vertical column on the sur-
face downwelling longwave irradiance.

a. Contributions by temperature, water vapor, liquid-,
and ice-water to surface downwelling longwave
irradiance

For illustrative purposes we present in Fig. 4 daily
averages of the temperature profiles (Fig. 4a), water vapor
content profiles (Fig. 4b), optical depths measured by the
HSRL for liquid-water hydrometeors (Fig. 4c) and ice-
water hydrometeors (Fig. 4d), column-integrated optical
depths of the liquid- and ice-water hydrometeors (Fig. 4e),
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FIG. 2. Contour plots of vertical profiles of temperature (in °C) obtained from twice daily
DOE ARM NSA site radiosondes for the six winter seasons from 2013/14 through 2018/19.
The black boxes indicate the 15 intrusions of warm, moist air analyzed in the study.

and column-integrated water vapor, liquid, and ice paths
(Fig. 4f) for the 2013/14 winter season. (Corresponding
illustrations of the information in Figs. 4c—f for all six
winter seasons are contained in Fig. S1 in the online
supplemental material through Fig. S4). The daily aver-
aged liquid-hydrometeor optical depths (Fig. 4c) were
confined to a smaller range of heights relative to the daily
averaged ice-hydrometeor optical depths (Fig. 4d).
Because the height of liquid-water layers within a day

varied considerably, the daily averaged liquid-water
optical depths were vertically spread out much more
than their 1-min counterparts, which most often oc-
curred in geometrically thin (less than a few hundred
meters) layers (not shown). The ice hydrometeors were
deep during the intrusion events, often reaching alti-
tudes of 8 km or higher (Fig. 4d). The ice-hydrometeor
optical depths over 30-m vertically thick layers were
smaller than those for liquid water (cf. the darker reds in
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FIG. 3. Contour plots of vertical profiles of water vapor content (in gm>) obtained from
twice daily DOE ARM NSA site radiosondes for the six winter seasons from 2013/14 through
2018/19. The white boxes indicate the 15 intrusions of warm, moist air analyzed in the study.

Fig. 4c to the lighter reds in Fig. 4d). As the averaged
liquid- and ice-water column optical depths measured by
the HSRL indicate in Fig. 4e, liquid- and ice-hydrometeor
optical depths were, at times (e.g., days 10-14, days 36-39,
days 52-53, and days 79-88), comparable in magnitude,
in agreement with Curry and Ebert (1992) and Shupe
and Intrieri (2004). At other times, they were both opti-
cally thin. This finding requires that both liquid and ice

hydrometeors be included in the radiative transfer calcu-
lation to most accurately estimate the surface down-
welling longwave irradiance for all days. The total optical
depth in Fig. 4e (represented by the black line) illustrates
the total optical depth as a result of adding to the liquid-
water optical depth any ice-water optical depth that
occurred at the same time. The contributions of the
ice hydrometeors to the optical depths of the liquid
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FIG. 4. Daily averaged vertical profiles of (a) temperature (in °C) and (b) water vapor mixing
ratio (in gm™>) obtained from twice daily DOE ARM NSA site radiosondes. Daily averaged
(c) liquid-water optical depths and (d) ice-water optical depths over 150-m vertically thick layers
obtained from the 30-m resolution HSRL measurements. (¢) Column integrated values of the
liquid-water optical depths in (c) (red line) and ice-water optical depths in (d) (blue line), as well
as their sum (black line). The daily averaged optical depths in (c) and (d) include both clear and
cloudy/precipitating periods. (f) Column integrated values of daily averages of retrieved liquid-
water content (red line), ice-water content up to the height of HSRL extinction (cyan line), ice-
water content to the top of the column (blue line), and water vapor path (green line). All panels
are for the 181-day period composing the 2013/14 winter season.

hydrometeors were often significant in that the surface
downwelling longwave irradiances were sensitive to
these contributions for the range of optical depths that
occurred over the six winter seasons (Fig. 5). The daily
averaged column liquid- and ice-water path amounts are
shown in Fig. 4f. The combined water-path amounts
were often around 20 gm ™~ or less, values to which the

surface downwelling longwave irradiance is sensitive
(Turner et al. 2007a).

The average of the surface downwelling longwave
irradiance over the usable 257703 (of 260 640 possible)
1-min RRTM LW computations during the 181-day
2013/14 winter season was 204.0 Wm 2 based on all
constituents (Table 1, row 2 and column DryVLI) and
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FIG. 5. (a) Frequency of occurrence histogram of HSRL measured
column liquid- and ice-optical thicknesses. The color in each 0.1 by 0.1
bin represents the number of occurrences over the six winter seasons of
the joint column liquid- and ice-optical thicknesses corresponding to
that bin. (b) Average of the surface downwelling longwave irradiances
over the occurrences illustrated in (a). Note that few total optical
thicknesses greater than five were obtained from the HSRL mea-
surements and ice hydrometeors with optical thicknesses less than 0.2
below boundary layer liquid-water clouds were a frequent occurrence.
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203.8Wm™? for the observations (Table 1, row 2 and
column Obs). Over the entire six years, the average over
the useable 1360522 (of 1565280 possible) 1-min res-
olution samples was 205.0Wm ™~ for the RRTM LW
computed surface irradiances, whereas the average of the
observed surface irradiances was 206.7Wm ™ (Table 1,
row 1). The root-mean-square difference between the
computed and observed 1-min irradiances for the 2013/14
winter season was 5.38 Wm ™2, whereas across the entire
study period it was 5.83 Wm 2. Inspection of Table 1 in-
dicates that over the last four years of the study period a
consistent bias emerged between the computed and ob-
served irradiances, attaining a value of —3.3 Wm ™ for the
2018/19 winter season, with the minus sign indicating that
the computed irradiances were too low. (We have evi-
dence that at least part of the bias was a result of MWR-
retrieved water vapor paths being slightly too low for the
computed irradiances to match the observed irradiances.)

A time series of the daily averaged RRTM LW com-
putations (in gold) and observations (in black) for the
2013/14 winter season are provided in Fig. 6a (the black
line is mostly obscured by the gold line). The bias that
developed in the last four years of the study period is
evident by the gold and black lines slowly diverging in
Fig. 6¢ through Fig. 6f.

We separated the 1360522 usable 1-min temporal reso-
lution atmospheric columns in the study into clear sky col-
umns (117353 samples), liquid-water only columns (19 580
samples), ice-water only columns (540523 samples), and
liquid- and ice-water containing columns (683 066 samples)
and compared the computations for each to their measured
values. This led to mean and root-mean-square differences
of —2.88 and 3.8 Wm > for clear-sky columns, —3.52 and
6.89 Wm 2 for liquid-only columns, —1.79 and 5.22Wm >
for ice-only columns, and —1.22 and 645 Wm  for liquid-
and ice-containing columns. These differences are compa-
rable to each other, indicating that no one type of column
dominated the overall errors. One possible contributor to all
of the errors was the development of a dry bias in the MWR-
retrieved water vapor paths in the last four years of the study.
Another possible contributor to the larger bias for liquid
hydrometeors is that they sometimes occurred too close
to the HSRL for the HSRL to provide usable measurements
of them. At these times the HSRL would report an incom-
plete optical depth profile because of the unsampled hy-
drometeors close to it, leading to an underestimate of the
liquid-hydrometeor optical depth, hence to an underesti-
mate of the surface downwelling longwave irradiance.

Encouraged by this level of agreement between the
computed and measured surface downwelling longwave
irradiances, we evaluated contributions from individual
constituents to the RRTM LW computed surface down-
welling longwave irradiances. Over the six winter seasons,
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TABLE 1. Surface downwelling longwave irradiances averaged over all months, years, and the entire 6-yr period for the observations
(Obs) and RRTM LW computations for dry gas (Dry), dry gas and liquid water (DryL), dry gas and ice water (Dryl), dry gas, liquid water,
and ice water (DryLlI), dry gas and water vapor (DryV), dry gas, water vapor, and liquid water (DryVL), dry gas, water vapor, and ice
water (DryVI), and dry gas, water vapor, liquid water, and ice water (DryVLI).

Obs Dry DryL Dryl DryLI DryV DryVL DryVI DryVLI

All six seasons 206.7 71.9 1322 113.1 153.1 172.0 195.8 189.8 205.0
2013/14 203.8 72.0 131.6 111.5 150.6 172.4 195.5 189.4 204.0
Nov 219.3 73.0 145.7 123.9 168.2 179.1 208.3 201.3 218.6
Dec 203.0 70.8 135.2 113.9 155.2 168.6 194.2 186.6 202.9
Jan 196.3 70.2 126.2 108.0 145.0 166.0 187.5 182.4 195.9
Feb 194.9 70.9 120.1 109.5 140.2 167.5 186.3 184.2 195.2
Mar 192.9 72.8 111.6 98.9 127.7 171.5 186.6 183.4 194.1
Apr 216.0 74.4 150.7 114.9 166.8 181.6 210.2 198.7 217.4
2014/15 201.4 71.5 124.4 113.6 147.9 170.5 191.2 188.8 201.6
Nov 227.4 78.8 155.9 111.4 167.1 193.2 221.7 206.2 226.3
Dec 193.3 68.0 127.8 107.9 146.7 158.3 183.7 177.1 192.6
Jan 184.9 70.0 99.1 108.9 1243 161.1 173.1 178.7 184.7
Feb 198.5 69.7 118.7 124.0 150.4 166.6 185.1 189.1 198.6
Mar 184.3 67.1 99.0 111.3 132.4 159.2 171.5 178.9 186.7
Apr 219.5 75.1 145.7 118.5 166.6 183.4 2111 202.0 220.2
2015/16 201.0 70.4 131.9 105.5 147.7 167.1 191.6 182.6 198.8
Nov 217.2 71.2 149.3 1244 170.2 175.0 205.5 198.0 2151
Dec 184.3 64.8 118.6 100.1 137.3 149.7 173.4 167.1 182.8
Jan 2153 72.0 149.6 116.0 169.2 1751 204.9 193.2 213.0
Feb 197.0 71.2 124.4 101.4 139.3 167.0 187.5 180.1 194.1
Mar 176.7 68.2 105.5 84.3 1124 1551 171.0 162.9 174.4
Apr 2171 76.0 145.4 107.2 158.4 182.9 209.4 195.7 214.8
2016/17 203.8 71.6 127.5 106.4 144.8 170.7 193.2 186.3 201.2
Nov 2459 76.0 198.3 122.9 207.0 189.9 238.9 210.7 2432
Dec 203.5 71.2 130.6 105.4 146.2 167.7 192.5 183.5 200.0
Jan 200.5 69.7 117.5 110.7 142.4 169.3 187.1 187.2 198.4
Feb 196.3 68.4 114.4 117.8 147.5 161.3 180.7 183.5 195.6
Mar 179.5 68.0 93.0 97.0 112.2 158.8 168.6 171.8 177.6
Apr 200.4 76.5 117.3 86.9 120.0 178.0 194.6 182.9 195.9
2017/18 232.0 754 155.6 134.9 186.7 184.1 216.5 208.9 229.3
Nov 254.7 783 178.6 153.2 215.7 196.7 236.5 226.9 251.4
Dec 225.6 74.1 140.8 135.7 179.4 180.0 207.1 206.1 2232
Jan 205.7 729 143.5 102.7 151.2 170.7 199.9 183.8 203.2
Feb

Mar

Apr

2018/19 2121 721 135.0 119.1 159.5 173.7 1982 193.6 208.8
Nov 234.3 74.4 176.7 133.1 197.2 182.2 222.8 206.6 231.5
Dec 198.5 67.0 128.8 119.4 158.2 155.7 182.1 179.9 195.9
Jan 187.8 68.2 111.1 99.4 128.3 159.3 176.2 173.0 184.0
Feb 218.3 74.2 122.7 128.9 159.3 181.8 199.7 203.7 214.8
Mar 225.0 74.4 141.5 129.7 171.6 184.6 209.0 207.0 221.7
Apr 211.4 75.0 131.7 105.9 145.4 180.6 201.9 193.5 207.8

incorporating only dry gases yielded an average value of
71.9Wm 2 (Table 1, column Dry) with daily averaged
values ranging between 50 and 100 Wm ™2 (Fig. 7, lower
black line in each panel). Figure 7 also illustrates the daily
averaged results of the RRTM LW computations for the
dry gases and water vapor (green lines), the dry gases and
liquid hydrometeors (red lines), and the dry gases and ice
hydrometeors (blue lines). The spectral content of the
surface downwelling longwave irradiance from water va-
por is not the same as that from liquid- and ice-water

particles. In the dry Arctic winter atmospheres of our
study, water vapor was optically thick at some wavelengths
(e.g., within its rotation and vibration-rotation bands) and
optically thin at others (e.g., 8-12 um), whereas liquid- and
ice-water hydrometeors were at times not optically thick at
any wavelength and at other times close to optically thick
across the infrared. As a result, combining these constit-
uents together did not always lead to a linear response in
surface downwelling longwave irradiance, as illustrated
by Fig. 7. The computed irradiances minus the observed
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FIG. 6. Daily averaged surface downwelling longwave irradiances obtained from dry gas
and water vapor (green line), dry gas, water vapor, and liquid water (red line), dry gas, water
vapor, and ice water (blue line), dry gas, water vapor, liquid water, and ice water (gold line),
and the observations (black line). These data cover all six winter seasons, illustrating the
period of missing HSRL data in the second half of the 2017/18 winter season. The black boxes
indicate the 15 intrusions of warm, moist air analyzed in the study.

irradiances, averaged over the analysis period, are
—347Wm 2 for the dry gases and water vapor,
—74.5Wm 2 for the dry gases and liquid hydrometeors,
and —93.6 Wm 2 for the dry gases and ice hydrometeors.
When liquid hydrometeors (Fig. 6, red lines) or ice hydro-
meteors (Fig. 6, blue lines) were separately added to water
vapor, their RRTM LW values differed from the observed
values on average by —10.9 and —16.9 Wm™ 2. Repeating
the calculation with the combination of dry gases, liquid,
and ice hydrometeors, we found the deviation from the

observations to be —53.6 Wm ™2 (Fig. 7, gold lines). These
results indicate that during the analysis period water vapor
was by far the single most important constituent, with the
contributions by liquid and ice being comparable.

Table 1 contains summary statistics of the results de-
scribed in section 3a further broken down by year and
month within each year. Most months have greater
contributions from adding liquid hydrometeors to the
vapor (Table 1, column DryVL) than adding ice hy-
drometeors to the vapor (Table 1, column DryVI),
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FIG. 7. Daily averaged surface downwelling longwave irradiances obtained from dry gas
(bottom black line), dry gas and water vapor (green line), dry gas and liquid water (red line),
dry gas and ice water (blue line), dry gas, liquid water, and ice water (gold line), and the
observations (top black line). These data cover all six winter seasons, illustrating the period of
missing HSRL data in the second half of the 2017/18 winter season. The black boxes indicate
the 15 intrusions of warm, moist air analyzed in the study.

although this reverses at times in the months of January,
February, and March.

b. Changes in surface irradiance caused by moisture
intrusion events

To estimate the increase in the surface downwelling
longwave irradiances as a result of moisture intrusion
events, we first identified the intrusion events and a
baseline irradiance for each of the events. Using the pro-
cedure outlined in the methods, we computed anomalous

daily values of TCW (Fig. 8) and applied the two-standard
deviation threshold (Fig. 8, horizontal dashed lines).
Fifteen periods passed the threshold test (Fig. 8, vertical
dashed lines) while also meeting our other criteria out-
lined in the methods. We computed anomalous daily
values for the retrieved water variables, observed sur-
face downwelling longwave irradiances, and RRTM LW
computed surface irradiances with different combinations
of constituents. Compositing these anomalies over a 40-
day window centered on the maximum TCW anomaly for
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Fi1G. 8. Daily total (i.e., water vapor, liquid water, and ice water) column water (TCW)
anomalies, together with the two standard deviation threshold (horizontal dashed lines). The
groups of three vertical dashed lines represent the average beginning, center, and ending
times of the 15 intrusion events investigated in this study. The solid red boxes represent the
intrusion events after accounting for variability from event to event.

an event led to the results illustrated in both panels
of Fig. 9.

Inspection of the results in Fig. 9 led us to define an
event as corresponding to the time period extending from
10 days prior to the peak TCW anomaly to 5 days after-
ward. Our choice for this range was motivated by the
occurrence of some statistically significant negative values
10 days prior to the peak of an event followed by the loss
in significance for most variables after about 5 days after
the event. We identified in Fig. 8 the locations of these 15-
day periods for all 15 intrusion events by the groups of
three vertically dashed lines per event. As Figs. 6-8

illustrate, there was variability in the time series that did
not always match the average time window of 15 days.
Because of this variability, we adjusted the beginning and
ending times according to the procedure described in
section 2b. We chose the properties at the first time in each
event to serve as the baseline.

For illustrative purposes, consider intrusion event 2. A
hydrometeor-free period occurred at 0600 UTC on day
78, near the beginning of the 10-day (on average) window
running up to the peak of the event (Fig. 8, row 1). The
observed surface downwelling longwave irradiance at the
beginning of the event was 117.7Wm™? (Fig. 6, row 1).
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FIG. 9. (a) Lag composites of the liquid optical depths (red line),
ice optical depths (blue line), total optical depths (gold line), and
total column water (green line). (b) Lag composites of the surface
downwelling longwave irradiances based on the observations
(black line), as well as the RRTM LW computations for the dry gas
(brown line), dry gas and water vapor (green line), dry gas and
liquid water (red line), dry gas and ice water (blue line), and dry
gas, water vapor, liquid water, and ice water (gold line). The large
solid circles represent significance at the 95% level, whereas the
small solid circles represent significance at the 90% level.

The mean value of the observed irradiance over the 15-
min window to follow was 117.8 Wm ™2 with a standard
deviation of 0.05 W m ™2, attesting to little variation of the
properties at the start of this intrusion. The time of the end
of event 2 was not clear, so we chose 2300 UTC on day 104
because of the clear minima in water vapor and observed
irradiances at this time.

Again, using event 2 for illustrative purposes, we
estimated the fractional change in the surface irradiance,
relative to the baseline time, that resulted from temper-
ature changes of dry gas only. The baseline RRTM LW
irradiance from the dry gas was found to be 57 Wm >
(Fig. 10, gray dot in subcolumn 1 for event 2; Table 2
summarizes the event 2 results to follow in the E2
section of the table), while the average RRTM LW
computed surface irradiance from the dry gas with tem-
perature varying during the intrusion event was 74 Wm >
(Fig. 10, black dot in subcolumn 1 for event 2), repre-
senting an average fractional increase of 1.30 as a result of
increased temperatures during the intrusion.
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FIG. 10. Results of the analysis for the first six intrusion events.
The baseline irradiances for the dry gas are indicated by the lower
gray dots, whereas those for the dry gas together with water vapor
are represented by the upper gray dots. The black dots just above
the dry gas baseline values represent the increase in the surface
downwelling longwave irradiance that resulted from temperature
increases of the dry gas during the intrusion event. The vertical
distance between the dry gas and dry gas plus water vapor baselines
(i.e., the gray dots within an intrusion event) represents the in-
crease in surface downwelling longwave irradiance as a result of
adding the baseline amount of water vapor to the baseline amount
of dry gas for the intrusion event. The gold dots indicate the av-
erage surface downwelling longwave irradiance over the intrusion
event as a result of temperature changes above their baseline value
with water vapor and pressure fixed to their baseline values. The
green, red, and blue dots indicate the average surface downwelling
longwave irradiance over the intrusion event as a result of water
vapor, liquid water, or ice water changes, respectively, above their
baseline dry gas plus water vapor values with pressure and tem-
perature held fixed. The black dots indicate the average surface
downwelling longwave irradiance over the intrusion event as a
result of temperature and either water vapor, liquid water, or ice
water changes above their baseline dry gas plus water vapor values
with now only pressure held fixed. The vertical distances from the
gray dots representing the dry gas plus water vapor baseline to the
green, red, and blue dots for each constituent represent the efficacy
of the constituent alone in elevating the surface downwelling
longwave irradiance above its baseline value during the intrusion
event. The vertical distances from the green, red, and blue dots to
the black dots above them represent the additional increase in
surface downwelling longwave irradiance from a constituent as a
result of both constituent and temperature changes during the in-
trusion event. These results are presented in tabular format within
Table 2 for all 15 intrusion events.

We added the water vapor to dry air at the baseline
time and computed an irradiance of 115 W m ™ (Fig. 10,
gray dots in subcolumns 2-4 for event 2). Following
Doyle et al. (2011), we first held the vapor fixed across
the intrusion event while allowing temperature to vary,
which led to an average RRTM LW computed irradi-
ance across the event of 150 Wm 2 (Fig. 10, gold dot in
subcolumn 2 for event 2), an increase of 35 W m™ 2 over
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TABLE 2. Summary table of the results illustrated in Fig. 10, but for all 15 intrusion events.

Air Vapor  Liquid Ice Air Vapor  Liquid Ice Air Vapor  Liquid Ice
Content + temperature El 192 223 213 E2 184 191 182 E3 172 179 179
Temperature 176 150 154
Content 169 200 190 142 145 140 152 157 156
Dry gas + vapor base 156 156 156 115 115 115 136 136 136
Temperature 76 74 71
Dry gas base 69 57 63
Content + temperature E4 176 190 188 ES 213 230 211 E6 177 183 189
Temperature 168 189 155
Content 155 165 165 197 215 197 153 158 163
Dry gas + vapor base 148 148 148 175 175 175 135 135 135
Temperature 72 83 72
Dry gas base 64 79 63
Content + temperature E7 178 180 175 E8 175 183 181 E9 184 211 191
Temperature 147 165 166
Content 150 153 148 150 157 154 160 182 166
Dry gas + vapor base 123 123 123 141 141 141 145 145 145
Temperature 73 74 74
Dry gas base 62 64 64
Content + temperature  E10 160 170 171  Ell 193 223 226  E12 185 201 197
Temperature 151 190 169
Content 155 163 165 197 231 232 160 176 172
Dry gas + vapor base 147 147 147 195 195 195 147 147 147
Temperature 69 76 76
Dry gas base 66 78 67
Content + temperature  E13 175 186 171  El4 188 185 189  E15 189 200 195
Temperature 156 158 164
Content 158 168 156 146 145 148 160 171 165
Dry gas + vapor base 142 142 142 123 123 123 139 139 139
Temperature 76 76 75
Dry gas base 69 60 64

the baseline. We then held the temperature fixed to its
baseline value and allowed the water vapor to vary
across the intrusion, which led to an average RRTM LW
computed irradiance of 142 W m 2 (Fig. 10, green dot in
subcolumn 2 for event 2), an increase of 27 Wm™ 2 over
the baseline. With both temperature and water vapor path
varying over the intrusion, the averaged RRTM LW
computed irradiance was 184 W m ™~ (Fig. 10, black dot in
subcolumn 2 for event 2), an increase of 69 Wm 2 over
the baseline. These results are in line with the results of
Persson et al. (2017) and Doyle et al. (2011), who found
comparable contributions to increased surface down-
welling longwave irradiance during an intrusion event as a
result of increased temperature and water vapor amounts.

We performed a series of RRTM LW computations to
assess the impacts of liquid and ice water during an in-
trusion event, separately from temperature and com-
bined with temperature. Once again considering event 2,
we first set the atmospheric pressure, temperature, and
relative humidity to their baseline clear-sky values at
0600 UTC on day 78, the first 1-min interval of the in-
trusion event. We then allowed the liquid hydrometeors,
as retrieved, to vary across event 2 while holding

everything else to their baseline values. The resulting av-
eraged RRTM LW computed surface downwelling long-
wave irradiance was 145Wm ™2 (Fig. 10, red dot in
subcolumn 3 for event 2). The same experiment for ice
hydrometeors led to a value of 140.0 Wm 2 (Fig. 10, blue
dot in subcolumn 4 for event 2). Relative to the baseline
value of 115 W m ™2 for dry gas plus water vapor, including
liquid and ice hydrometeors led to enhancements of 30
and 25 Wmfz, respectively, which are similar to each
other and to our estimate of the enhancement of
27 W m 2 that resulted from water vapor changes at fixed
temperature. Fixing atmospheric pressure and water vapor
content while allowing temperature to vary with liquid and
ice water led to RRTM LW computed surface down-
welling longwave irradiances averaged over the period of
191 and 182Wm 2, respectively (Fig. 10, black dots in
subcolumns 3 and 4, respectively, for event 2); that is, the
temperature increase during the period enhanced the
computed surface downwelling longwave irradiances by 46
and 42Wm ™2 over the values obtained from the liquid-
and ice-water variations at fixed temperature. The overall
RRTM LW estimated enhancements in surface irradiance
of 76 and 67Wm ™2 as a result of combined temperature,
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TABLE 3. Time mean percentages of hydrometeor fractions (HF) and percentage increases in hydrometeor fractions (HF) and
osgT" for the lower, middle, and upper layers for a one-standard-deviation increase in surface downwelling longwave irradiance. The

three layers are defined by the ranges in op provided, where o pis defined as the value of the pressure at some height divided by the surface

pressure. The bold numbers in parentheses are from Flournoy et al. (2016).

Lower (op > 0.80)

Middle (0.80 = ap > 0.45) Upper (0.45 = op)

Hydrometeor fractions (HF)

Total 87.5% (~75%)

Liquid 42.4%

Ice 84.9%
Regression on HF

Total 7.3% (~ —5%)

Liquid 18.8%

Ice 7.4%

Regression on osgT” 16.7 (~13) Wm 2

53.5% (~30%)
21.0%
50.5%

31.4% (~30%)
31%
29.4%

18.8% (~8%) 14.6% (~12%)

10.6% 1.0%
17.7% 14.2%
9.2 (~8) Wm 2 2.4 (~4) Wm ™2

liquid-water, and ice-water changes are within the range of
values reported by Persson et al. (2017). The overall results
for intrusion event 2 indicate that temperature, water va-
por, liquid-water, and ice-water changes produced com-
parable changes in the surface downwelling longwave
irradiance.

Figure 10 illustrates the results of the analysis for the
first six intrusion events, and Table 2 provides the same
information for all 15 intrusion events. Adding water
vapor to the dry gas usually more than doubled the
RRTM LW computed surface downwelling longwave
irradiances; these increases ranged from 58 to 117 Wm 2
across the 15 events. Changes in water vapor, liquid water,
ice water, and temperature from the dry gas and water vapor
baselines for the events led to surface irradiance increases
ranging from —2 to 76Wm > (Table 2, “Content + tem-
perature” minus “Dry gas + vapor base”) with the —2 Wm ™2
resulting from a small temperature drop from the beginning to
end of event 11 (Table 2, E11). Overall, water vapor, liquid
water, and ice water changes, together with their associated
temperature changes, led to comparable changes in the sur-
face downwelling longwave irradiance, with different
quantities being dominant from one event to the next.

c. Revisit of Flournoy et al. (2016)

In a recent study, Flournoy et al. (2016) examined sur-
face downwelling longwave irradiance for 17 winter sea-
sons using ECMWF ERA-Interim reanalysis data and
surface downwelling longwave irradiance measurements
at Utqiagvik, Alaska, and Ny-Alesund, Norway. They
found that surface downwelling longwave irradiance was
positively correlated with middle and upper layer cloud
fraction and temperature, as well as lower layer
temperature. Cloud-fraction changes were not as impor-
tant in the lower layer because this layer had high cloud
fractions with relatively smaller fractional changes. While
their use of ECMWF ERA-Interim cloud-layer output
precluded them from determining which atmospheric

constituents contributed most to the increased surface
downwelling longwave irradiance, their results raised the
possibility that elevated concentrations of ice hydrome-
teors in the middle to upper troposphere may be an im-
portant contributor.

As Figs. 2 and 3 illustrate, the episodic warm, moist air
intrusions into the Arctic and over Utqiagvik were deep.
In addition, Fig. 4 (as well as Figs. S1 and S2 in the online
supplemental material) indicates that liquid hydrometeors
extended up to 5-6 km and ice hydrometeors to 8-10km.
Although the analysis period considered by Flournoy
et al. (2016) differs from that considered in this study,
because data from the same location (Utqiagvik, Alaska)
were used in both studies, it is worth revisiting Flournoy
et al. (2016) to determine if their model-based results
agree with the observations and if upper-level cloudiness
contributes to the surface downwelling longwave irradi-
ance. For this purpose, we divided each 1-min vertical
profile into lower, middle, and upper segments (or layers)
using o p coordinates (see Table 3), where o p is the ratio of
pressure at any altitude to the surface pressure. If a 1-min
segment contained a hydrometeor at any vertical location
within it, we considered the layer associated with it to
have a hydrometeor fraction of 1; otherwise, the hydro-
meteor fraction was set to 0. To calculate the daily hydro-
meteor fraction for each layer, we summed the 1-min
hydrometeor fractions for each day and divided by 1440,
the total number of 1-min hydrometeor fractions per day.
We computed these daily fractions for only liquid hydro-
meteors, only ice hydrometeors, or both hydrometeors,
which we refer to as daily liquid, ice, or total hydrometeor
fractions (HF), respectively. We also averaged the tem-
peratures within each layer over a day to create a daily
averaged temperature for each layer. The liquid-dominated
HSRL returns came from horizontally layered structures
from which liquid precipitation was not evident. These
daily liquid-water hydrometeor fractions are equivalent to
daily liquid-water cloud fractions. The ice hydrometeors
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TABLE 4. (column 1) The number of 1-min intervals from all 15 intrusion events with columns containing only ice, only liquid, and both
liquid and ice. The average increase in surface downwelling longwave irradiances above the clear-sky baseline irradiances over all 15

intrusion events obtained by adding (column 2) the low layer of hydrometeors to the clear sky, (column 3) the low and middle layers of

hydrometeors to the clear sky, and (column 4) the low, middle, and high hydrometeor layers to the clear sky.

Samples Baseline to low Low to low + mid Low + mid- to low + mid + high
Ice columns 123521 217Wm? 10.66 Wm ™2 0.51Wm™?
Liquid columns 6075 57.73Wm 2 0.19Wm?2 0.04Wm™?2
Ice + liquid columns 174909 87.64 Wm > 12.65Wm 2 0.22Wm™?

were often extended both horizontally and vertically, and
we made no attempt in this study to partition them into
clouds (i.e., ice hydrometeors with little to no vertical
movement) or precipitation (i.e., ice hydrometeors with
significant downward motion). Also, it should be noted that
Flournoy et al. (2016) did not separate cloud fraction into
liquid water and ice water contributions.

We regressed daily values of osg7* and hydrometeor
fractions within each layer with the daily averaged surface
downwelling longwave irradiance. Here, T represents
the daily averaged temperature in a layer, while osp is the
Stefan-Boltzmann constant (not to be confused with the
vertical pressure coordinate op). The regressed values in
ospT" and hydrometeor fractions for the lower, middle,
and upper layers are associated with a one-standard-
deviation increase in surface downwelling longwave
irradiance. In contrast to Flournoy et al. (2016), who re-
gressed ERA-Interim reanalysis output with the surface
downwelling longwave irradiance measurements, we used
1-min resolution hydrometeor and thermodynamic ob-
servational data collected at Utqiagvik and averaged to
daily values (Table 3). Our results for osg7* exhibited
similar changes from the lower to upper layers as those in
Flournoy et al. (2016) but with a larger range of values:
16.7Wm 2 for the lower layer, 9.2 W m ™ for the middle
layer, and 2.4 Wm 2 for the upper layer compared to
Flournoy et al.’s values of 13,8, and 4 W m ™2, respectively.
These findings provide observational support for the as-
sociation in the ECMWF ERA-Interim output of warm-
ing in all three layers (especially for the lower two layers)
during the intrusions with an increase in surface down-
welling longwave irradiance.

The hydrometeor fractions averaged over the 1087-
day study period in the lower, middle, and upper layers
were 87.5%,53.5%, and 31.4% as compared to the cloud
fractions of 75%, 30%, and 30% in Flournoy et al.
(2016). One possible explanation for these differences is
the different analysis periods. Another possible expla-
nation is the inherent difference between a spatial cloud
fraction over an area, as in the reanalysis, and a temporal
cloud fraction over a point, as for the observations. Also,
the larger observed hydrometeor fractions compared
to Flournoy et al. (2016) were likely the result of
atmospheric ice hydrometeors, because the observed

ice-hydrometeor fractions were nearly identical to the
total hydrometeor fractions. That is, when liquid hy-
drometeors were present, they were nearly always in
columns containing ice (Figs. 4c,d). The changes in total
lower, middle, and upper layer hydrometeor fractions of
7.3%, 18.8%, and 14.6% for a one-standard-deviation
increase in surface downwelling longwave irradiance
were similar to those in Flournoy et al. (2016) in that the
changes in the middle- and upper-layer hydrometeor
fractions were much greater than that for the lower layer
hydrometeors. However, an increase of 18.8% in the lower
layer liquid-hydrometeor fraction rivaled the increase in
ice-hydrometeor fractions in the upper two layers. This is
perhaps not surprising given that, for the case study period,
the lower layer liquid-hydrometeor fraction was 42.4%,
with much greater values during the intrusions (Fig. 4c).
The positive correlation of ice hydrometeors in the upper
two layers with the surface downwelling longwave irradi-
ance is consistent with the findings of Curry and Ebert
(1992) on the importance of deep columns of atmospheric
ice. The positive correlation between lower layer liquid-
hydrometeor fractions and surface downwelling long-
wave irradiance is perhaps better known and was
pointed out by both Curry and Ebert (1992) and Shupe
and Intrieri (2004).

The positive correlations between o'gg T in all layers and
surface downwelling longwave irradiance are consistent
with earlier results presented in section 3b, demonstrating
that increased temperatures throughout the atmospheric
column during intrusion events may lead to enhancements
in the surface downwelling longwave irradiance. One
question that arises in this regard is the source of the in-
creased surface downwelling longwave irradiance: is it
coming exclusively from the lower layer, or do the middle
and upper layers contribute as well?

To answer this question, we ran RRTM LW on every 1-
min vertical profile composing the 15 intrusion events with
hydrometeors present only in the lower layer, only in the
lower and middle layers, and in all three layers. We further
refined the results by separating each group into ice only
vertical profiles, liquid only vertical profiles, and mixed
(liquid and ice) vertical profiles. We then computed the
average over all 15 intrusion events. The results are pre-
sented in Table 4.
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As Table 4 (column 1) illustrates, the intrusion events
were dominated by mixed phase and pure ice profiles,
with few pure liquid profiles. The baseline irradiances
were the RRTM LW computed clear-sky irradiances at
the first time of each intrusion event, just as for the results
in Table 2 (“Vap” columns and “Dry gas + vapor base”
rows). Adding ice, liquid, and ice plus liquid (mixed) hy-
drometeors in the lower layer to the RRTM LW com-
putations increased the surface downwelling longwave
irradiances by 42.17,57.73, and 87.64 W m 2, respectively,
over their baseline values, attesting to the importance of
hydrometeors when they occurred. Adding the middle
layer of hydrometeors to the lower layer increased the
surface irradiance by an additional 10.66 Wm ™2 (20.2% of
the total) and 12.65 W m ™2 (12.6% of the total) for the ice
and mixed profiles, but only 0.19Wm™? for the liquid
profiles. The impact of the upper layer was small in all
cases. These results indicate that the presence of ice in the
middle layer was a causative agent of the increase in sur-
face downwelling longwave irradiance, whereas ice in the
upper layer was not. Therefore, the increases in surface
downwelling longwave irradiance are primarily from the
bottom two layers.

In summary, the intrusion events were associated with
columns of elevated temperature, water vapor content,
liquid water, and ice water. The temperature regressions
of Flournoy et al. (2016), based on ECMWF ERA-
Interim reanalysis output, are consistent with the ob-
served elevated temperatures present in all layers during
the intrusions. The deep columns of ice in the observations
were accompanied by increases in temperature, moisture,
and water contents throughout the column. The surface
downwelling longwave irradiance was sensitive to their
changes in the lower and middle layers, but not the upper
layer. These results imply that even though a large amount
of upper layer ice accompanies the events, consistent with
the strong correlations between upper layer cloud fraction
and surface irradiance found by Flournoy et al. (2016),
these ice hydrometeors have little influence on surface
irradiance during the events.

4. Discussion and conclusions

In this study, results from radiative transfer calculations
are presented in an attempt to investigate the effects of
temperature, water vapor, liquid water, and ice water on
surface downwelling longwave irradiance at the DOE
ARM User Facility in Utqgiagvik, Alaska, for the months
of November through April for the six winter seasons
from 2013/14 through 2018/19. The analysis revealed that
during the study period water vapor was, on average, the
most important contributor to the surface irradiance
amongst all constituents. During the individual intrusion
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events, however, individual contributions from tempera-
ture, water vapor, liquid water, and ice water were com-
parable to each other. This was the result of increases in
column water vapor and temperature during the intrusion
events accompanied by more intermittent liquid, ice, and
mixed phase hydrometeors. The RRTM LW computa-
tions, with the observed temperature and all three phases
of water as input, yielded surface downwelling longwave
irradiance values that matched with observed irradiances
within an accuracy of —0.8%. Repeating the RRTM LW
computations with the observed liquid and ice water
artificially removed demonstrated that temperature and
water vapor alone accounted for 83.2% of the total sur-
face irradiance on average during the 1087-day period.
Including either liquid water or ice water brought the
calculated surface irradiance values to within about 11—
17Wm™2, or ~92%-95%, of the observed value on
average. That is, the addition of either liquid water or ice
water to the water vapor was sufficient to explain 92%—
95% of the observed surface irradiance, indicating that
both liquid water and ice water are needed to account for
the remaining 5%-8%. RRTM LW computations per-
formed without inclusion of water vapor produced only
74.1% of the observed surface irradiance on average. At
least for this particular case study period, combined liquid-
and ice-water amounts were insufficient to make up for
water vapor optical depths outside of the 8-12-um region
of the spectrum when water vapor was removed. Our
findings are in line with earlier studies by Curry et al.
(1995), Doyle et al. (2011), and Town et al. (2005) on how
increasing water vapor and temperature significantly en-
hance the surface downwelling longwave irradiance in
polar regions. In contrast to these previous studies, we
were also able to quantify the importance to the surface
downwelling longwave irradiance of the water vapor rel-
ative to the liquid and ice water, and their vertical layer-
ing, by taking advantage of the availability of more
complete datasets at the DOE ARM User Facility.
There are numerous possible sources of error in
the RRTM LW computations that we performed. We
neglected scattering in the RRTM LW computations,
incurring an expected underestimate of about 1Wm >
in the surface downwelling longwave irradiance based
on existing literature. Interpolating temperatures to
1-min sampling from 6-hourly soundings comes with
error, and we did not attempt to quantify the conse-
quences of this error. We did find evidence for a slow,
small-magnitude drift in the microwave radiometer re-
trieved water vapor path that led to a small low bias in
the RRTM LW surface downwelling longwave irradi-
ance computations by the end of the 6-yr period. We did
not attempt to incorporate aerosols into the RRTM LW
computations, and retrieving liquid-water content
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profiles remains problematic, making assumptions
about them necessary; in our study, we assumed adia-
batic liquid water contents. Finally, our treatment of ice
particles as spheres in both the ice-particle retrievals and
the RRTM LW computations introduced numerous
sources of uncertainty as well. Yet, the resulting RRTM
LW surface downwelling longwave irradiances had a
low bias of —1.7Wm ™2 and a root-mean-square differ-
ence of 5.83 Wm ™2 relative to the observations, both of
which are small compared to differences obtained by ne-
glecting an atmospheric constituent in the RRTM LW
computations. We infer from these results that the HSRL-
measured optical depths in the presence of hydrometeors
placed a strong constraint on the RRTM LW computa-
tions of surface downwelling longwave irradiance. Several
design features of the HSRL, including its narrow field-of-
view of 45 urad, which suppresses multiple scattering ef-
fects, make it a valuable asset in hydrometeor-retrieval
research (Eloranta 2005, 2016).

The DOE ARM User Facility observations also
revealed that water vapor fluctuations occurred over 1-
to 2-week time periods, whereas the ice-water fluctuations
were dominated by higher frequencies, typically over a few
days. Liquid water was also intermittent, and typically oc-
curred within ice-water-containing columns. This result
raises the possibility that the water vapor fluctuations were
driven by slowly evolving planetary-scale waves, while the
liquid and ice water variability arose from shorter time scale
processes such as synoptic- or mesoscale features that were
embedded in the planetary-scale waves. This possibility is,
in fact, consistent with previous findings that planetary-
scale wave activity is often followed by Arctic warming
(Yoo et al. 2012; Liu and Barnes 2015; Baggett et al. 2016;
Goss et al. 2016) while shorter length scale waves are much
less effective at warming the Arctic (Baggett and Lee 2015,
2017). This interpretation is also consistent with the
moisture-flux convergence shown in Newman et al. (2012);
over much of Alaska during the cold season, moisture-flux
convergence by low-frequency (planetary scale) waves is
greater than that from synoptic-scale eddies. The consis-
tency of these findings indicates that additional attention
needs to be given to planetary-scale wave dynamics and the
waves’ impact on the Arctic system via water vapor, tem-
perature, and hydrometeor changes and their feedbacks.
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